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The  goal  of  this  study  was  to  harness  the  redox  gradients  in  facultative  lagoons  using  a  lagoon  microbial 
fuel  cell  (LMFC)  to  enhance  autonomously  the  delivery  of  oxygen  to  the  lagoon  through  aeration  and 
mixing  by  operating  an  air  pump.  To  enhance  the  usability  of  the  low  power  generated  by  the  LMFC,  a 
power  management  system  (PMS)  was  used  to  harvest  power  continually  while  only  operating  the  air 
pump  intermittently.  Here  we  demonstrate  the  LMFC  as  an  alternative  energy  source  for  self-powered 
wastewater  treatment  systems  by  treating  both  artificial  wastewater  and  dairy  wastewater  in  large 
laboratory-scale  simulated  lagoons.  For  comparison,  we  also  used  a  lagoon  treatment  system  without 
self-aeration.  We  show  that  the  integrated  LMFC  and  PMS  system  was  able  to  improve  chemical  oxygen 
demand  (COD)  removal  time  by  21%  for  artificial  wastewater  and  by  54%  for  dairy  wastewater.  The  LMFC- 
PMS  wastewater  treatment  system  operated  for  over  a  year  and  proved  to  be  robust  and  provide  a 
measure  of  sustainability.  The  LMFC-PMS  combination  offers  an  innovative  and  low-tech  approach  to 
increasing  the  capacity  of  lagoons  for  rural  communities.  We  believe  that  the  technology  developed  in 
this  research  is  the  first  step  towards  providing  sustainable  self-powered  wastewater  treatment  systems. 
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1.  Introduction 

Facultative  lagoons  are  used  in  rural  communities  for  the 
treatment  and  storage  of  agricultural  wastewaters  because  they  are 
simpler  to  operate  and  require  less  energy  than  aerated  lagoons 
[1—5],  Commonly  deep  ponds,  facultative  lagoons  naturally 
develop  three  distinct  layers  with  oxygen  concentration  decreasing 
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by  depth.  Wind-aided  air  mixing  at  the  surface,  possibly  in  addition 
to  phototrophic  oxygen  production  from  resident  microorganisms, 
maintains  an  aerobic  zone  above  both  a  middle  facultative  zone  and 
a  bottom  anaerobic  zone  [3,6],  Aerated  lagoons  require  constant 
energy  input,  usually  in  the  form  of  mechanical  surface  mixing  or 
air  infusion  agitation,  to  maintain  an  oxygen  concentration 
throughout  the  volume  and  to  keep  suspended  solids  from  settling. 
The  added  energy  input  can  be  advantageous,  considering  that 
aerated  lagoons  have  a  smaller  footprint  in  the  sense  that  they 
require  less  land  than  facultative  lagoons  [7],  This  footprint  is 
directly  related  to  both  the  hydraulic  retention  time  and  the  solids 
retention  time  needed  to  adequately  treat  the  wastewater.  Because 
of  the  variability  of  wastewater  strength,  facultative  lagoon  hy¬ 
draulic  retention  times  can  reach  120  days  or  more  while  those  of 
aerated  lagoons  can  be  as  short  as  a  few  days  [2],  Therefore  a  trade¬ 
off  exists  between  the  energy  input  and  the  treatment  time  of  la¬ 
goons  that  can  be  manipulated  to  ensure  proper  wastewater 
treatment  at  the  appropriate  cost. 

At  an  added  cost,  renewable  energy  sources  such  as  solar  and 
wind  energy  can  be  utilized  to  optimize  lagoon  wastewater  treat¬ 
ment.  Introducing  active  aeration  utilizing  renewable  energy  into 
an  otherwise  passive,  facultative  lagoon  allows  more  agricultural 
wastewater  to  be  treated  using  less  land.  Although  solar  and  wind 
are  possible  sources  of  this  renewable  energy,  they  are  often  site- 
specific  and  seasonal,  and  they  require  substantial  infrastructure 
not  commonly  found  in  agricultural  settings.  We  suggest  that  one 
low-maintenance  approach  is  to  harness  the  redox  gradient  that 
already  exists  in  facultative  lagoons  through  the  use  of  microbial 
fuel  cell  (MFC)  technology;  we  will  refer  to  our  systems  as  lagoon 
microbial  fuel  cells  (LMFC)  [8],  The  redox  gradient  refers  to  the 
variation  in  redox  potential  (Eh)  from  the  aerobic  zone,  through  the 
facultative  zone,  to  both  the  anaerobic  liquid  zone  and  the  sedi¬ 
ment  in  the  facultative  lagoon.  Typically,  an  excess  of  oxygen  drives 
Eh  to  positive  values  in  the  aerobic  zone.  In  this  environment,  an 
LMFC  cathode  would  accept  electrons  via  the  oxygen  reduction 
reaction  [9—11]: 

02  +  4H+  +  4e~  — >2H20  (1) 

The  presence  of  oxygen  and  possible  colonization  of  the  cathode 
with  bacteria  enhancing  the  oxygen  reduction  reaction  create  a 
sustainable  biocathode  [12—15],  At  the  other  end  of  the  gradient, 
several  centimeters  into  the  sediment  at  the  bottom  of  the  lagoon, 
anaerobic  processes  drive  Eh  to  negative  values  depending  on  the 
native  anaerobic  respiration  pathways  in  the  sediment  [16,17],  Here 
we  assume  that  through  microbial  metabolism  organic  carbon 
oxidizes  completely  to  carbon  dioxide  and  releases  protons  and 
electrons  according  to  the  following  reaction: 

Organic  Carbon  +  H20— >C02  +  H+  +  e~  (2) 

Unlike  the  cathode,  which  utilizes  an  abiotic  electrochemical 
pathway,  the  oxygen  reduction  reaction,  the  anode  operates  in  a 
bioelectrochemical  environment  populated  by  a  complex  microbial 
community.  This  microbial  community  generates  by-products  that 
can  be  oxidized  at  the  anode  [12,18—24],  Based  upon  Equations  (1) 
and  (2),  LMFCs  are  restricted  to  lagoon  systems  with  both  aerobic 
and  anaerobic  zones  and  cannot  be  utilized  in  completely  anaerobic 
or  completely  aerobic  lagoons  (unless  an  alternative  cathodic/ 
anodic  half  reaction  is  used). 

There  are  now  almost  innumerable  demonstrations  of  MFCs 
treating  various  wastewaters  and  producing  electricity  in  the 
literature  [25—49].  Here  the  main  role  of  the  LMFC  is  not  to  treat 
wastewater  and  generate  electricity  but  to  operate  an  air  pump  that 
enhances  wastewater  treatment  in  an  otherwise  passive,  faculta¬ 
tive  lagoon.  To  accomplish  this  enhanced  operation,  we  employed  a 


power  management  system  (PMS).  PMSs  have  been  shown  in  the 
literature  to  increase  the  usability  of  the  energy  drawn  from  MFCs 
[10,50—61],  Although  it  has  been  reported  that  MFCs  can  produce 
high  power  (on  the  order  of  several  watts  itT2  or  watts  nT3),  to  the 
best  of  our  knowledge  there  is  currently  no  device  which  can 
produce  watt-level  power  unless  that  energy  is  stored  for  inter¬ 
mittent  use.  For  example,  Donovan  et  al.  used  a  PMS  to  operate  a 
2.5-W  wireless  sensor  system  powered  solely  by  an  MFC  generating 
only  3.4  mW  of  continuous  power.  This  was  only  possible  by 
continuously  storing  the  energy  in  a  capacitor  and  utilizing  it 
intermittently  to  generate  high  power  [54].  In  this  work,  we  follow 
the  same  strategy  of  harvesting  energy  continuously  but  using  it 
intermittently.  However,  a  new  PMS  needed  to  be  developed  to 
operate  from  low  power  generating  LMFC  compared  to  higher 
power  generating  sediment  MFCs  operated  in  rivers. 

The  goal  of  this  study  was  to  demonstrate  the  use  of  an  LMFC  to 
generate  energy  to  run  an  air  pump  to  enhance  the  operation  of  a 
facultative  lagoon.  Large  laboratory-scale  (83.3-L)  facultative  la¬ 
goons  treating  low-strength  wastewater  were  used  in  this  study.  An 
LMFC  was  deployed  in  a  lagoon  with  the  anode  buried  in  the 
anaerobic  sediment  and  the  cathode  suspended  in  the  aerobic 
liquid.  We  designed  a  PMS  to  harvest  energy  continuously  and  use 
it  intermittently  to  operate  an  air  pump.  The  addition  of  subsurface 
air  enhanced  the  facultative  lagoon  treatment  and  increased 
chemical  oxygen  demand  (COD)  removal  efficiency.  We  tested  both 
artificial  wastewater  (AWW)  and  dairy  wastewater  (DWW).  Our 
lagoon  systems  operated  for  more  than  one  year  in  batch  cycles.  For 
a  control,  we  used  a  replicate  lagoon  system  without  the  aeration 
components.  While  running  the  experimental  trials,  we  sampled  at 
predetermined  intervals  and  determined  the  COD  and  dissolved 
oxygen  (DO)  concentrations  of  the  wastewater  and  open  circuit 
potential  (OCP)  of  the  electrodes.  The  operation  of  the  LMFC  and 
the  PMS  were  monitored  autonomously  using  a  data  acquisition 
system.  Lastly,  we  measured  DO,  pH  and  redox  potential  changes  by 
depth  in  the  sediment  using  microelectrodes. 

2.  Materials  and  methods 

2.2.  Lagoon  microbial  fuel  cell  and  components 

Fig.  1  shows  a  schematic  diagram  of  the  LMFC  and  its  compo¬ 
nents.  The  LMFC  consisted  of  two  electrodes,  an  anode  and  a 
cathode,  and  a  PMS  which  collected  the  energy  and  operated  the  air 
pump.  For  the  laboratory-scale  facultative  lagoon,  we  used  an  83.3- 
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Fig.  1.  Schematic  diagram  of  the  lagoon  microbial  fuel  cell  including  a  power  man¬ 
agement  system  with  an  integrated  air  pump  that  delivers  oxygen  to  the  wastewater. 
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L  plastic  container  with  a  working  volume  of  75.7  L  (Sterilite  Cor¬ 
poration,  Townsend,  MA  01469,  USA).  The  anode  and  the  cathode 
were  graphite  felt  (HP  Materials  Solutions,  Inc.,  Woodland  Hills,  CA 
91367,  USA)  and  had  projected  surface  areas  of  0.225  m2  and 
0.674  m2,  respectively.  The  approximate  sediment  depth  was 
12.8  cm,  and  the  anode  was  placed  7.7  cm  below  the  wastewater/ 
sediment  interface.  The  depth  of  the  wastewater  was  17.8  cm,  and 
the  cathode  was  placed  with  its  top  just  breaching  the  wastewater/ 
air  interface.  The  anode  and  the  cathode  were  connected  to  the  PMS 
using  Grade  2,  0.635-mm-diameter  Ultra-Corrosion  Resistant  Ti¬ 
tanium  Wire  (McMaster-Carr,  Los  Angeles,  CA  90054).  Ti  wires 
were  woven  into  the  graphite  felt  and  secured  with  nylon  bolts.  A 
mechanical  and  solder  connection  to  copper  wire  was  sealed  with 
silicone  rubber  to  prevent  water  intrusion  to  complete  the 
connection  to  the  PMS.  The  resistances  of  the  copper  wire,  Ti  wire 
and  graphite  felt  connections  were  less  than  1  O  at  every  point 
measured  around  each  electrode.  We  used  KPM-08A-3A  air  pumps 
(Clark  Solutions,  Hudson,  MA  01749,  USA).  A  diffusor  placed  2.5  cm 
below  the  cathode  was  used  to  deliver  subsurface  air  (Fig.  1). 

We  used  an  AWW  and  a  DWW  for  separate  experimental  trials. 
The  AWW  contained  128.2  mg  L_1  sodium  acetate,  10.9  mg  L_1 
ammonium  chloride,  and  1.9  mg  L_1  potassium  hydrogen  phos¬ 
phate  [62].  The  COD  of  the  AWW  was  adjusted  to  the  experimen¬ 
tally  desired  value  by  changing  the  acetate  concentration  [62],  The 
initial  pH  of  the  AWW  was  approximately  7.1  ±  0.2.  The  DWW  was 
obtained  from  post-fiber  separated  flush  manure  at  the  Knott  Dairy, 
Pullman,  WA  99163,  operated  by  Washington  State  University.  The 
initial  pH  of  the  dairy  wastewater  was  8.2  ±  0.2.  The  COD  of  the 
dairy  wastewater  was  measured  before  each  experiment.  During 
the  trials,  the  pH  did  not  deviate  significantly  from  the  initial  pH 
(±0.2). 

We  operated  reactors  in  batch  mode  with  various  approximate 
COD  starting  values  (100,  300,  500,  and  1000  mg  COD/L)  with 
replication.  We  also  used  replicate  control  reactors,  which  were 
identical  to  the  one  shown  in  Fig.  1  but  with  the  self-aeration 
components  removed.  COD  was  determined  using  Hach  test  kits 
(method  8000;  Hach  Company,  Loveland,  CO,  USA).  We  note  that 
the  initial  bulk  dissolved  oxygen  (DO)  was  about  half  saturation.  We 
did  not  find  any  H2S  generation  in  the  bulk  solution.  We  used  the 
readily  available  COD  reduction  to  represent  organic  carbon 
removal  by  aeration  of  the  wastewater  from  both  the  air  pump  and 
the  control.  DO  and  pH  in  the  bulk  were  monitored  using  a  dis¬ 
solved  oxygen  electrode  (Oakton  DO  110;  Oakton  Instruments, 
Vernon  Hills,  IL,  60061)  and  a  pH  electrode  (301560.1;  Denver  In¬ 
strument,  Bohemia,  NY  11716). 

The  individual  potentials  of  the  anode  and  the  cathode  without 
self-aeration  were  measured  against  a  Ag/AgCl  (saturated)  refer¬ 
ence  electrode  and  monitored  at  four  samples  per  second  with  an 
Arduino  Uno  microcontroller  board  (Arduino,  Ivrea,  Italy,  http:// 
arduino.cc)  connected  to  a  laptop  using  LabVIEW®  (National  In¬ 
struments  Corporation,  Austin,  TX  78759,  USA).  Our  custom  Lab¬ 
VIEW  program  displayed  a  real-time  strip  chart  of  potential  versus 
time  and  recorded  the  data.  When  needed,  polarization  curves 
were  generated  using  a  Reference  600™  potentiostat  (Gamry  In¬ 
struments,  Warminster  PA,  USA). 

2.2.  Power  management  system  and  aeration 

A  PMS  was  designed  to  harvest  energy  from  the  LMFC  and 
intermittently  operate  the  air  pump.  A  block  diagram  of  the  PMS  is 
shown  in  Fig.  2.  The  main  components  include  energy  storing  de¬ 
vices  (capacitors),  a  charge  pump  for  automatic  repowering  of  the 
system,  two  DC/DC  converters,  a  hysteretic  comparator  and  an  n- 
channel  MOSFET  switch  to  control  energy  storage.  To  control  the 
flow  of  energy  through  the  PMS  to  the  air  pump,  the  hysteretic 


Fig.  2.  Block  diagram  of  the  lagoon  microbial  fuel  cell  with  power  management  system 
and  aeration  system. 

comparator  only  drives  the  MOSFET  switch  closed  when  the  po¬ 
tential  of  the  air  pump  capacitor  exceeds  the  preset  internal  voltage 
reference. 

The  energy  produced  by  the  LMFC  is  first  stored  in  a  5-F  ultra¬ 
capacitor  (Maxwell  Technologies,  Inc.,  San  Diego,  CA  92123,  USA) 
called  the  initial  energy  storing  capacitor  (IESC).  This  capacitor  is 
connected  directly  to  the  LMFC.  When  the  capacitor  reaches 
320  mV,  the  charge  pump  activates  the  first  DC-to-DC  converter 
(DC/DC1),  which  provides  the  power  to  activate  the  second  DC-to- 
DC  converter  (DC/DC2).  After  startup,  DC/DC2  transfers  energy 
from  the  IESC  to  a  2.5-F  ultracapacitor  (Maxwell  Technologies,  Inc., 
San  Diego,  CA  92123,  USA)  called  the  air  pump  capacitor  (APC). 
When  the  APC  potential  reaches  1.3  V,  the  hysteretic  comparator 
closes  the  MOSFET  switch.  The  air  pump  is  powered  and  runs  until 
the  APC  drops  below  1.2  V,  at  which  point  the  switch  opens.  The  air 
pump  is  not  powered  again  until  the  next  cycle.  The  PMS  was 
designed  with  two  DC-to-DC  converters  because  the  output  of  a 
single  DC-to-DC  converter  is  not  sufficient  to  power  itself  and 
charge  the  APC  or  run  the  air  pump  directly.  Thus,  DC/DC1  is  used  to 
generate  a  3-V  output  to  power  itself,  DC/DC2,  and  the  hysteretic 
comparator  while  DC/DC2  is  used  to  transfer  energy  from  the  IESC 
to  the  APC.  Without  DC/DC1,  DC/DC2  could  not  be  started  up,  and 
the  charge  pump  instead  would  need  to  run  continuously,  which 
would  reduce  the  PMS  efficiency.  The  current  passed  during  the 
brief  operation  of  the  charge  pump,  the  two  DC-to-DC  converters, 
and  the  hysteretic  comparator  is  approximately  40  pA  (<1%  of  the 
current  from  the  IESC  during  discharge).  The  two-stage  design  of 
this  PMS  bridges  the  large  potential  and  current  gap  between  the 
native  LMFC  output  and  the  air  pump  requirements.  Quantitatively, 
the  air  pump  draws  approximately  200  mA  when  powered.  This 
current  magnitude  cannot  be  provided  directly  by  the  LMFC  or  even 
by  a  single  DC-to-DC  converter  since  the  power  efficiency  would  be 
limiting.  Thus,  the  second  stage  (DC/DC2  and  APC)  is  used  to 
accumulate  energy  at  a  higher  voltage,  one  sufficient  to  run  the  air 
pump. 

The  PMS  presented  in  this  work  implemented  a  charge  pump 
and  two  DC/DC  converters  operating  in  parallel  which  was  novel. 
The  charge  pump  and  DC/DC1  were  only  used  to  startup  and  power 
DC/DC2.  The  energy  flow  from  the  input  to  the  output  was  through 
only  DC/DC2.  The  operating  principle  was  similar  to  that  of  the  PMS 
by  Donovan  [52]  except  an  output  ultracapacitor  which  was  used  to 
accumulate  energy  at  high  potential  to  provide  high  power  inter¬ 
mittently  for  the  air  pump.  The  structure  was  also  similar  to  that  of 
the  PMS  by  Donovan  [52]  except  a  combination  of  charge  pump  and 
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DC/DC1  was  used  to  startup  and  operate  DC/DC2.  These  modifica¬ 
tions  were  necessary  due  to  lower  power  generation  by  LMFC 
comparing  to  sediment  MFCs  used  by  Donovan  52,54],  Due  to  the 
large  output  ultracapacitor,  DC/DC2  took  very  long  time  to  produce 
a  high  output  voltage  to  power  itself.  Without  DC/DC1  to  help 
power  DC/DC2,  the  charge  pump  would  have  to  operate  continu¬ 
ously,  which  could  reduce  efficiency  dramatically. 

We  emphasize  that  the  robustness  of  this  PMS  in  its  self-starting 
function  is  dependent  upon  the  startup  potential  of  the  charge 
pump,  which  is  320  mV.  The  startup  potential  of  the  charge  pump 
must  be  below  the  LMFC  operating  cell  potential  so  that  the  IESC 
can  activate  the  charge  pump.  In  our  case,  allowing  the  IESC  to  cycle 
between  50  and  320  mV  provided  optimal  power  for  the  PMS 
[54,63],  Furthermore,  the  APC  cycles  between  1.2  and  1.3  V  during 
steady  state  operation  and  the  LMFC-PMS  was  self-starting  and 
self-sustaining  during  all  of  our  experimental  trials.  With  our  sys¬ 
tem  there  is  no  need  for  batteries  or  pre-charged  components  to 
use  as  initial  energy  inputs. 


and  output  power  can  be  calculated.  From  these  power  values,  the 
efficiency  was  estimated.  Only  a  power  supply  and  a  digital  mul¬ 
timeter  are  required  for  these  measurements.  Since  the  power  from 
an  LMFC  typically  varies  during  operation,  we  also  tested  the  effi¬ 
ciency  of  the  power  management  system  under  simulated  non¬ 
rhythmic  conditions.  A  variable  current  supply  was  connected  to 
DC/DC2  to  simulate  nonrhythmic  charge/discharge  cycles.  We 
found  that  the  power  efficiency  trend  under  nonrhythmic  condi¬ 
tions  did  not  deviate  significantly  from  that  shown  in  Fig.  3. 


2.4.  Power  generation  using  capacitors 


The  average  power  (PaVg)  generation  in  a  single-capacitor 
charge/discharge  cycle  is  calculated  using  Equation  (4)  [63]: 


Pavg  -  j 


:(vc  -  Vj) 

fc  -  td 


(4) 


2.3.  Characterization  of  the  PMS 

The  overall  power  efficiency  of  the  PMS  was  determined  by 
measuring  the  power  efficiency  of  DC/DC2.  Based  on  laboratory 
measurements  and  component  data  sheets,  it  was  determined  that 
the  power  consumption  of  the  charge  pump,  DC/DC1,  and  the 
cycling  of  the  MOSFET  switch  could  be  ignored.  To  characterize  the 
power  efficiency  of  DC/DC2,  we  used  a  variable  voltage  source  with 
an  adjustable  output  current  limit  and  resistive  loads  to  control  the 
input  power.  The  power  efficiency  (ij)  of  a  DC-to-DC  converter  can 
be  expressed  using  the  following  equation  [54]: 

77  =  100^  (3) 

'  in 

where  Pjn  is  the  average  power  transferred  into  the  DC-to-DC 
converter  and  Pout  is  the  average  power  delivered  by  the  DC-to- 
DC  converter.  During  our  power  efficiency  tests  we  used  a 
resistor  as  a  static  load  in  place  of  the  air  pump. 

Fig.  3  shows  the  power  efficiency  of  DC/DC2  with  an  input  po¬ 
tential  of  400  mV.  The  input  voltage,  the  output  voltage,  and  the 
load  resistor  values  were  recorded.  The  input  current  was  esti¬ 
mated  by  connecting  a  1.26-0  resistor  in  series  with  the  power 
supply  and  measuring  the  voltage  difference  across  it.  The  load  was 
changed  to  adjust  the  output  power.  With  the  input  voltage,  input 
current,  output  voltage  and  load  resistor  known,  the  input  power 


Fig.  3.  Power  efficiency  versus  output  current  for  DC/DC2  with  an  input  potential  of 
400  mV  and  output  potential  of  1.3  V. 


where  C  is  the  capacitance  in  farads,  the  capacitor  is  charged  from 
Vd  (discharge  potential)  to  Vc  (charge  potential)  (volts),  and  (tc  -  td) 
is  the  charging  time  in  seconds.  This  is  the  time  elapsed  between 
the  capacitor  being  discharged  (td)  and  the  capacitor  being  charged 
again  (tc). 

2.5.  Open  circuit  potential  measurements 

Open  circuit  potentials  are  measured  using  a  voltmeter  (Keithley 
6517A  Electrometer/High  Resistance  Meter)  against  a  Ag/AgCl 
reference  electrode  under  no  current  conditions.  If  the  system  was 
operating,  we  simply  disconnected  the  PMS  and  air  pump  and  then 
measured  the  open  circuit  of  the  electrode  after  equilibrium  was 
reached.  However,  if  we  needed  to  measure  individual  anode  and 
cathode  potentials,  their  potentials  were  simply  measured  against  a 
Ag/AgCl  reference  electrode. 

2.6.  Microelectrode  measurements 

Dissolved  oxygen  (DO),  redox  potential  and  pH  microelectrodes 
were  used  to  characterize  the  gradients  in  the  sediment.  Micro¬ 
electrodes  with  tip  diameters  of  less  than  20  pm  were  used  in  order 
to  reduce  disruption  of  the  sediment/bulk  water  interface.  Micro¬ 
electrode  construction,  calibration,  and  measurement  have  been 
detailed  elsewhere  [64],  Briefly,  the  DO  microelectrode  is  an 
amperometric  sensor  in  which  the  silicone  rubber  membrane  of  the 
microelectrode  tip  is  permeable  to  oxygen.  The  gold  cathode  in  the 
vicinity  of  the  silicone  rubber  membrane  reduces  oxygen,  and  the 
reduction  current  is  a  function  of  the  dissolved  oxygen  concentra¬ 
tion  near  the  microelectrode  tip.  The  redox  potential  and  pH  mi¬ 
croelectrodes  are  potentiometric  sensors.  The  redox  potential 
microelectrode  tip  was  made  by  electrochemically  depositing 
platinum  on  a  platinum  microelectrode  tip,  resulting  in  a  porous 
platinum  ball  with  a  large  surface  area.  The  redox  potential 
microelectrode  was  calibrated  using  a  standard  YSI  3682  Zobell 
Solution  (YSI  Inc.,  Yellow  Springs,  OH).  The  pH  microelectrode  had  a 
liquid  ion-exchange  membrane  at  the  tip  and  was  calibrated  using 
standard  buffer  solutions  (pH  4,  7,  and  10)  from  ACROS  Organics. 
For  Eh  and  pH,  a  Keithley  6517A  Electrometer/High  Resistance 
Meter  was  operated  as  a  high-resistance  meter.  The  potential  dif¬ 
ference  was  read  between  the  microelectrode  tip  and  the  reference 
electrode.  The  response  time  of  each  microelectrode  was  less  than  a 
few  seconds. 

To  measure  a  depth  profile,  a  microelectrode  was  positioned 
above  the  sediment  using  micromanipulators.  The  microelectrode 
was  then  positioned  -1000  pm  from  the  sediment  surface  and 
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stepped  down.  The  movement  of  microelectrodes  was  controlled 
by  a  Mercury  Step  motor  controller  PI  M-230.10S  Part  No. 
M23010SX  (Physik  Instrumente,  Auburn,  MA)  controlled  by  custom 
Microprofiler®  software.  The  locations  of  the  microelectrode  tip 
and  the  surface  of  the  sediment  were  observed  using  a  stereomi¬ 
croscope  (Zeiss  Stemi  2000  stereo-microscope).  It  took  several 
minutes  to  complete  a  depth  profile. 

In  our  experiments,  the  LMFCs  were  run  for  over  a  year  without 
any  mechanical/electrical  failures.  Over  approximately  six  months, 
replicated  batch  WW  treatment  experiments  were  run.  During  idle 
periods,  the  LMFCs  continued  operation  but  at  a  slower  charge/ 
discharge  rate  because  of  limited  nutrient  availability. 

3.  Results  and  discussion 

3.3.  Redox  gradients  at  the  sediment/bulk  water  interface 


Stratification  of  £h,  pH,  and  DO  across  the  sediment/bulk  water 
interface  is  commonly  observed  in  lagoon  systems  [65,66],  Since 
one  of  the  requirements  for  the  LMFC  to  operate  effectively  was 
that  a  redox  gradient  be  established  across  the  sediment/bulk 
water  interface,  we  measured  Eh,  pH,  and  DO  using  microelec¬ 
trodes.  Fig.  4  shows  the  Eh,  pH,  and  DO  depth  profiles  at  the  sedi¬ 
ment/bulk  water  interface.  The  Eh  in  the  bulk  water  was  oxic  and 
approximately  +0.21  VAg/Agci-  At  5  mm  below  the  surface,  the  Eh 
decreased  to  -0.15  VAg/Agci-  Since  Eh  is  also  affected  by  local  pH,  we 
also  measured  pH  in  the  sediment  and  showed  that  pH  decreased 
minimally  from  approximately  pH  7.8  in  the  bulk  water  to  pH  7.3  at 
5  mm  below  the  surface.  DO  decreased  from  approximately  85% 
saturation  in  the  bulk  water  to  below  our  detection  limit  1.25  mm 
below  the  sediment  surface.  The  depth  profiles  of  Eh,  pH,  and  DO 
confirmed  the  redox  stratification  necessary  to  operate  the  LMFC  in 
the  lagoon  system  and  suggest  that  any  anode  placed  at  a  depth 
greater  than  -3  mm  (gray  shaded  area  in  Fig.  4)  will  operate  under 
anaerobic  conditions.  To  be  certain  that  such  conditions  were  met, 
we  placed  the  anodes  deeper  into  the  sediment. 

3.2.  Open  circuit  potentials  of  the  LMFC  anodes  and  cathodes 

Fig.  5  shows  the  development  of  OCP  during  a  batch  wastewater 
treatment  cycle  for  both  the  aerated  LMFC-PMS  and  the  non- 
aerated  control  LMFC.  Here  OCP  was  obtained  by  temporarily  dis¬ 
connecting  the  LMFC  anodes  and  cathodes.  Control  LMFC  cathodes 
and  anodes  reached  approximate  steady  values  of  +320  mVAg/AgCi 
and  -240  mVAg/Agci.  respectively.  LMFC-PMS  cathodes  and  anodes 
reached  approximate  steady  values  of  +430  mVAg/Agci 


Fig.  4.  Redox  potential,  pH,  and  dissolved  oxygen  depth  profiles  across  the  sed¬ 
iment-bulk  water  interface.  Redox  potential,  pH,  and  dissolved  oxygen  decrease  by 
depth  indicating  the  existence  of  redox  stratification  in  the  lagoon  system. 


Fig.  5.  Anode  and  Cathode  open  circuit  potential  during  treatment  of  100  mg  COD/L 
AWW.  Cathodes  and  anodes  of  control  LMFCs  (open  symbols;  dashed  lines)  were 
generally  less  positive  and  less  negative  than  LMFC-PMSs  (closed  symbols;  solid  lines), 
respectively. 


and  -400  mVAg/Agci.  respectively.  Although  the  LMFC-PMS  and 
control  LMFC  started  out  at  nearly  identical  cathode  and  anode 
OCPs,  we  found  that  the  OCP  of  LMFC  cathodes  and  anodes  out¬ 
performed  that  of  the  control  system  across  multiple  replicates  of 
batch  cycles.  A  lower  anodic  OCP  indicates  more  microbial  reducing 
activity  in  the  sludge  where  the  anode  was  deployed  [63,67],  The 
higher  OCP  of  the  cathodes  indicates  higher  cathodic  activity 
[63,67],  Since  the  equilibrium  cell  potential  (cathode  OCP— anode 
OCP)  increased  by  270  mV  for  the  aerated  LMFC-PMS  systems,  we 
suggest  that  there  is  a  positive  feedback  loop  in  which  LMFC  elec¬ 
tricity  is  fed  directly  back  into  the  lagoon  treatment  system.  This  is 
mainly  because  of  electrochemically  active  biofilm  development  on 
the  electrode  surface  [68—71], 

3.3.  Operation  of  the  LMFC-PMS 

Fig.  6A  shows  an  example  power  curve  for  the  LMFC  operating  in 
the  lagoon.  The  maximum  power  at  a  cell  potential  of  0.35  V  was 
1.45  mW.  However,  the  true  steady  power  (Pjn)  entering  the  PMS  at 
DC/DC2  (Fig.  2)  is  shown  in  Fig.  6B.  Losses  across  the  PMS  accu¬ 
mulated:  Pout  to  the  air  pump  was  only  -20%  of  Pjn,  or  0.1  mW.  Thus, 
the  amount  of  power  loss  was  about  0.4  mW,  which  was  the  dif¬ 
ference  between  input  power  and  output  power.  This  power  loss 
mainly  came  from  DC/DC2.  As  shown  in  Fig.  3,  at  0.1  mA  and  1.3  V 
(or  equivalently  0.13  mW),  the  efficiency  of  DC/DC2  was  about  20%. 
The  low  efficiency  caused  by  low  input  power,  which  limits  the 
output  power.  To  increase  power  efficiency  and  reduce  losses,  it  is 
necessary  to  increase  input  power.  However,  the  LMFCs  used  did 
not  produce  higher  power  which  could  improve  efficiency.  We 
should  note  that  the  pump  does  not  operate  on  0.1  mW.  This  is  the 
average  power  (Equation  (4))  outputted  by  the  APC.  We  should  note 
that  power  output  and  maximum  power  generated,  by  either  LMFC 
or  LMFC-PMS,  are  generally  only  useful  as  diagnostic  parameters 
for  optimization.  The  measured  power  flowing  through  the  LMFC- 
PMS  effectively  determines  the  rate  at  which  the  capacitors  (IESC 
and  APC)  charge/discharge.  Higher  power  equates  to  quicker 
charge/discharge  cycles  across  a  given  time  period.  Consequently, 
to  determine  whether  the  air  pump  and  PMS  are  using  the  input 
power  successfully,  it  is  more  useful  to  monitor  the  IESC  and  APC 
potentials  during  LMFC-PMS  operation. 

Fig.  7A  gives  a  representative  sample  of  the  potentials  of  both 
the  IESC  and  the  APC  during  operation.  The  charge/discharge  curves 
show  a  complete  air  pump  activation  cycle.  Each  5—7  min  charge 
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Fig.  6.  A)  Power  curve  of  LMFC  showing  maximum  power  of  1.45  mW.  B)  Actual  power  output  of  LMFC-PMS  used  to  power  the  air  pump.  The  0.5  mW  compared  to  1.45  mW  shows 
the  overestimation  of  sustainable  power  using  power  curves  for  the  LMFC. 


cycle  of  the  IESC,  from  50  mV  (Vj)  to  320  mV  (Vc),  activates  the 
circuit  and  transfers  energy  to  the  APC  in  a  discrete  step.  Each 
energy  transfer  increases  the  energy  stored  in  the  APC  until  it 
reaches  a  potential  of  1.3  V  and  the  air  pump  activates.  The  air 
pump  operates  until  the  output  capacitor  reaches  1.2  V  and  the  next 
cycle  starts.  The  cyclical  charge/discharge  phases  are  the  core  of  the 
intermittent  operation  of  the  LMFC  and  allowed  operation  of  the  air 
pump  with  seemingly  unusable  power.  The  effect  of  the  PMS  on  the 
LMFC  is  shown  Fig.  7B,  where  the  anode  potentials  are  observed  to 
cycle  over  a  ~200-mV  range  with  each  operation.  Since  the  cathode 
oscillations  were  comparatively  less  pronounced,  the  LMFC  was 
anode-limited  as  described  in  our  previous  publication  [72], 

3.4.  Effect  of  the  self-powered  air  pump  on  COD  removal 

Operation  of  the  LMFC-PMS  was  tested  in  two  types  of  waste- 
water,  AWW  and  authentic  DWW,  to  observe  a  simple  case  and  a 
complex  case,  respectively.  DWW  was  also  used  because  of  its  rural 
nature  and  likelihood  of  being  treated  in  lagoon  wastewater  sys¬ 
tems.  Fig.  8A  shows  the  COD  concentrations  and  percentage  COD 
removal  over  time  for  the  LMFC-PMS  and  the  control  when  they 
were  fed  with  AWW.  After  19  days  of  operation,  the  final  COD 
concentration  in  the  reactor  with  LMFC-PMS  was 
22  mg  L_1  ±  4  mg  L  1 ;  that  in  the  control  reactor  was 
57  mg  L_1  ±  6  mg  L  '.  The  removal  efficiencies  were  93%  and  62%, 
respectively.  This  is  an  almost  21%  improvement  in  treatment  time 


through  the  simple  addition  of  a  passive,  zero-energy-input  device. 
Fig.  8B  shows  the  corresponding  change  in  DO  in  response  to  the 
AWW  loading.  The  immediate  drop  in  DO  to  near  zero  on  day  3 
explains  the  slow  removal  rate  of  COD  from  both  reactors.  However, 
as  DO  recovers,  the  LFMC-PMS  reactor  recovers  faster  and  as  a 
result  treats  COD  faster.  The  effect  is  two-fold:  the  LMFC  operates 
better  with  higher  DO  and  then  aerates  the  reactor  volume  more 
frequently.  Thus,  the  observations  of  OCP  in  Fig.  5  are  consistent 
with  what  is  shown  here.  Once  nearly  all  the  COD  is  removed,  by 
day  19  for  the  LMFC-PMS  reactor,  the  DO  recovers  to  near  its 
original  value  of  40%. 

The  control  reactors  operated  successfully  using  an  LMFC  that 
discharged  power  to  a  pseudo-device  (resistor)  and  treated 
wastewater.  This  was  expected  and  an  appropriate  control  for  the 
PMS-LMS  system  since  it  accounted  for  the  advantage  of  having 
COD  consumed  by  the  LMFC.  The  control  reactors  demonstrate  the 
capability  of  our  lagoon  wastewater  treatment  system  and  suggest 
that  if  we  optimize  our  reactors,  we  can  achieve  larger  increases  in 
COD  removal  for  the  LMFC-PMS  systems  as  well.  Huggins  et  al. 
similarly  used  an  MFC  for  wastewater  treatment  [73],  In  their  study, 
they  used  an  MFC  reactor,  a  reactor  with  other  aeration  only,  and  a 
passive  control  (no  MFC  or  other  aeration).  They  found  that 
wastewater  treatment  as  COD  removal  showed  significantly  lower 
performance  in  their  control  compared  to  both  MFC  and  other 
aeration.  Fig.  8C  and  D,  showing  the  change  in  COD  was  faster  for 
the  reactors  fed  with  DWW,  demonstrates  this  concept.  Within  13 


A  B 

Fig.  7.  (A)  An  example  of  charging  and  discharging  cycles  of  the  initial  energy-storing  capacitor  and  the  air  pump  capacitor  in  the  power  management  system.  After  several  charge/ 
discharge  cycles  of  the  initial  energy-storing  capacitor,  the  air  pump  capacitor  discharges  and  activates  the  air  pump.  (B)  Anode  and  cathode  potential  variation  during  LMFC-PMS 
operation. 
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Fig.  8.  COD  and  %  COD  removal  over  time  for  the  LMFC-PMS  and  control  reactors.  (A)  Batch  treatment  using  AWW  at  120  mg  COD/L.  (B)  DO  change  in  response  to  AWW  loading.  (C) 
Batch  treatment  using  DWW  adjusted  to  140  mg  COD/L.  (D)  DO  change  in  response  to  DWW  loading. 


days,  the  final  COD  concentration  of  the  LMFC-PMS  was 
19  mg  L_1  ±  3  mg  L_1  and  that  of  the  control  reactor  was 
75  mg  L_1  ±  8  mg  lA  The  removal  efficiencies  were  99%  and  52%, 
respectively.  For  DWW  treatment,  the  LMFC-PMS  resulted  in  an 
improvement  in  treatment  time  of  almost  54%.  Thus,  when  opti¬ 
mized  to  fit  a  certain  wastewater  treatment  system,  the  LMFC-PMS 
can  yield  large  decreases  in  treatment  time  that  effectively  translate 
to  more  wastewater  being  treated  in  a  given  period.  Looking  at 
Fig.  8D,  we  can  attribute  the  decrease  in  treatment  time  for  the 
DWW  to  the  lack  of  change  in  DO  for  the  duration  of  the  batch 
operation.  The  disparity  between  the  DO  responses  of  AWW  and 
DWW  show  that  management  of  DO  is  a  serious  concern  for 
implementing  LMFC-PMS  systems.  However,  considering  that 
lagoon  treatment  systems  are  constructed  around  the  presence  of 
DO,  such  a  concern  can  be  mitigated. 


A 


To  confirm  the  importance  of  DO  management,  we  increased 
the  AWW  loading  to  300  mg  COD/L.  Fig.  9A  shows  the  DO  response 
to  300  mg  COD/L:  beyond  day  4,  DO  remained  at  near-zero  levels. 
Fig.  9B  tracks  the  OCPs  of  the  LMFCs  in  response  to  the  change  in  DO 
and  clearly  shows  that  the  cathodes  of  both  the  LMFC-PMS  and  the 
control  failed.  The  failure  occurred  because  DO  was  removed  and 
the  entire  lagoon  system  transformed  into  an  anaerobic  lagoon 
system.  Thus,  the  LMFCs  were  expected  to  fail  since  oxygen  is 
required  at  the  cathode  for  it  to  function  properly.  We  found  that 
the  cathodes  were  contaminated  with  microbial  growth  in  line 
with  the  absence  of  oxygen.  Simply,  our  cathodes  became  ineffec¬ 
tive  and  our  LMFC  stopped  generating  power.  This  is  not  a  limita¬ 
tion  of  the  LMFC-PMS  system;  it  is  only  a  limitation  on  the  design  of 
our  lab-scale  lagoon  treatment  system.  When  designed  to  tolerate 
higher  COD,  a  lagoon  system  can  still  maintain  the  aerobic  zone 
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Fig.  9.  (A)  DO  response  and  (B)  OCP  response  to  AWW  loading  of  300  mg  COD/L. 
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which  is  essential  to  the  LMFC-PMS.  In  our  system,  however,  to 
operate  an  LMFC-PMS  safely,  the  initial  COD  loading  concentration 
should  not  be  greater  than  150  mg  L_1. 

Our  results  demonstrate  that  energy  harvested  from  an  LMFC- 
PMS  can  be  used  to  improve  wastewater  treatment.  We  found 
that  if  the  initial  COD  loading  concentration  was  less  than 
150  mg  L  ,  the  system  operated  successfully  and  transformed 
chemical  energy  in  wastewater  into  electricity.  This  electricity  was 
used  to  operate  an  air  pump  to  aerate  and  improve  the  wastewater 
treatment.  However,  we  observed  decreased  performance  at 
loading  concentrations  greater  than  150  mg  COD/L  and  complete 
system  failure  at  loading  concentrations  greater  than  300  mg  COD/ 
L.  The  decreased  performance  and  system  failure  were  caused  by 
cathode  contamination  through  microbial  growth.  Simply,  our 
cathodes  became  anodic  when  COD  concentrations  were  above 
300  mg  L_1.  In  practical  terms,  if  we  want  to  utilize  energy  from 
wastewater  to  power  our  treatment  systems  then  we  need  to 
ensure  that  the  cathodes  remain  in  aerobic  zones  in  lagoon 
wastewater  treatment  systems.  As  an  alternative  we  could  try  to 
use  larger  electrodes  to  generate  higher  power  to  increase  the  self- 
powered  aeration.  However,  we  would  have  several  challenges,  in 
that  MFCs  do  not  scale  up  linearly  [67].  Simply,  power  density  does 
not  increase  linearly  with  electrode  size.  Second,  making  larger 
LMFCs  would  also  increase  the  liquid  volume  and  could  lower  our 
treatment  efficiency.  We  believe  scaling  up  of  the  system  we 
developed  here  is  possible  but  requires  extensive  sets  of  experi¬ 
ments  using  different  reactor  volumes,  electrode  sizes  and  oper¬ 
ating  schemes.  Currently,  we  are  in  progress  of  developing  a 
scalable  system  using  these  approaches.  Regardless,  considering 
that  traditional  passive  lagoon  treatments  can  have  retention  times 
of  120  days  or  more,  the  potential  of  the  LMFC-PMS  to  reduce  this 
time  significantly  opens  up  the  possibility  of  increasing  throughput 
capacity  or  decreasing  system  volume.  Additionally,  it  is  not  rele¬ 
vant  to  directly  compare  our  self-powered  LMFC-PMS  to  an 
externally-powered,  continuously  aerated  system  because  the 
continuously  aerated  lagoon  will  provide  an  increased  COD  removal 
rate  based  solely  on  the  amount  of  aeration  [74j.  The  key  differ¬ 
ences  between  these  systems  are  the  target  application  and  the 
energy  source.  Our  self-powered  LMFC-PMS  is  targeted  at  con¬ 
verting  existing  passive  lagoons,  such  as  found  extensively  in 
agriculture,  into  aerated  lagoons  using  only  the  energy  in  the 
wastewater.  The  continuously  aerated  system  while  currently 
favored  for  municipal  and  industrial  facilities  operates  on  unfor¬ 
tunately  costly  grid  energy  that  could  be  termed  parasitic  [75], 
Therefore,  we  believe  that  the  technology  developed  in  this 
research  is  the  first  step  towards  providing  sustainable  self- 
powered  wastewater  treatment  systems. 

4.  Conclusions 

In  this  research  we  found  that  a  self-powered  lagoon  treatment 
system  can  treat  wastewater,  generate  electricity  and  operate  an  air 
pump.  This  was  possible  because  the  air  pump  was  operated 
intermittently  using  energy  stored  in  a  capacitor.  The  power  gen¬ 
eration  by  our  LMFC  was  not  able  to  operate  the  air  pump  contin¬ 
uously.  By  developing  an  intermittent  energy  harvesting  strategy 
we  managed  to  operate  a  self-powered  lagoon  treatment  system. 
The  aerated  lagoon  treatment  system — in  this  case  self-power¬ 
ed — improves  COD  removal  time  by  21%  compared  to  a  control  (not 
aerated)  for  artificial  wastewater.  COD  removal  time  was  improved 
by  54%  compared  to  a  control  for  dairy  wastewater.  The  LMFC-PMS 
performed  significantly  better  when  dairy  wastewater  was  used 
than  when  artificial  wastewater  was  used.  The  designed  self- 
powered  system  operated  autonomously  for  more  than  12  months 
for  an  initial  COD  loading  of  up  to  150  mg  L_1. 
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Nomenclature 

APC  air  pump  capacitor 

AWW  artificial  wastewater 

COD  chemical  oxygen  demand 
DC/DC1  the  first  DC-to-DC  converter 
DC/DC2  the  second  DC-to-DC  converter 
DO  dissolved  oxygen 

DWW  dairy  wastewater 

IESC  initial  energy-storing  capacitor 
LMFC  lagoon  microbial  fuel  cell 
LMFC-PMS  LMFC  and  PMS  operated  together 
Pav g  average  power 

Pin  the  average  power  transferred  into  the  DC-to-DC 
converter 

PMS  power  management  system 

Pout  the  average  power  delivered  by  the  DC-to-DC  converter 
tc  time  elapse  for  capacitor  charge 

td  time  elapsed  for  capacitor  discharge 

Vc  charge  potential 

Vd  discharge  potential 

7]  power  efficiency 
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